Fluorescence data and flagella position were acquired in 3D. Each cell was recorded for up to 5.6 s within a depth of 16 microns with a high speed camera (coupled to an image intensifier) acquiring at a rate of 3000 frames per second, while an oscillating objective vibrated at 90 Hz via a piezoelectric device. From these samples, eight experimental and nine control sperm cells were analyzed in both 2D and 3D.
Fluorescence data and flagella position were acquired in 3D. Each cell was recorded for up to 5.6 s within a depth of 16 microns with a high speed camera (coupled to an image intensifier) acquiring at a rate of 3000 frames per second, while an oscillating objective vibrated at 90 Hz via a piezoelectric device. From these samples, eight experimental and nine control sperm cells were analyzed in both 2D and 3D.
MAIN RESULTS AND THE ROLE OF CHANCE:
We have implemented a new system that allows [Ca 2+ ] i measurements of the human sperm flagellum beating in 3D. These measurements reveal statistically significant [Ca 2+ ] i oscillations that correlate with the flagellar beating frequency. These oscillations may arise from intracellular sources and/or Ca 2+ transporters, as they were insensitive to external Ni 2+ , a nonspecific plasma membrane Ca 2+ channel blocker.
LARGE SCALE DATA: N/A.
LIMITATIONS REASONS FOR CAUTION:
Analysis in 3D needs a very fast image acquisition rate to correctly sample a volume containing swimming sperm. This condition requires a very short exposure time per image making it necessary to use an image intensifier which also increases noise. The lengthy analysis time required to obtain reliable results limited the number of cells that could be analyzed.
WIDER IMPLICATIONS OF THE FINDINGS:
The possibility of recording flagellar [Ca 2+ ] i oscillations described here may open a new avenue to better understand ciliary and flagellar beating that are fundamental for mucociliary clearance, oocyte transport, fertilization, cerebrospinal fluid pressure regulation and developmental left-right symmetry breaking in the embryonic node.
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Introduction
Mammalian sperm motility regulation has attracted renewed attention as human infertility is on the rise and novel approaches are required to improve animal breeding and species preservation. Intracellular Ca 2+ ([Ca 2+ ] i ) is key to fundamental sperm functions including motility Lishko et al., 2012; Miller et al., 2015) . The study of the relation between [Ca 2+ ] i and the regulation of flagellar beating is pivotal to understand fertilization. Nevertheless, the microscopic size of sperm and the high beating frequency of their flagella (up to 20 Hz) impose technological challenges to examine this relationship, especially when considering that the flagellum beats in three-dimensions (3D) (Gaffney et al., 2011; Guerrero et al., 2011) . Traditionally, depth of field, acquisition speed and sensitivity limitations of fluorescence microscopes have restricted these studies to two-dimensions (2D), focusing on sperm confined to the surface of the imaging cell. Though sperm have the tendency to swim near surfaces in the female tract organs, they do transiently swim freely (Ooi et al., 2014) . Furthermore, even when swimming close to the surface, the flagellum has a significant Z component and defocusing problems arise (reviewed in Guerrero et al. (2011) ).
Recently, a system capable of tracking flagellar dynamics in 3D, using a 90 Hz oscillating objective mounted on an inverted microscope covering a 16 μm depth space at a rate of 5000 images/s, was reported (Silva-Villalobos et al., 2014) . The flagellum focused subregions were associated to their respective real 3D position (Z included) through the different optical planes generated by the oscillating objective via a piezoelectric device. The Z position can also be estimated from the difference in object appearance above or below the focal plane (Pimentel et al., 2012; Bukatin et al., 2016) .
Early on Suarez et al. (1993) 
Materials and Methods

Sperm samples: ethical approval
Protocols for human sperm were approved by the Bioethics Committee of our Institute. Informed consent forms were signed by all donors. The human semen samples employed in this study fulfilled the World Health Organization requirements (Cooper et al., 2010) .
Biological preparations and dye loading
Human sperm were obtained from healthy donors by masturbation after ≥48 h of sexual abstinence. Highly motile sperm cells were recovered after a swim-up separation for 1 h in Ham's F-10 medium at 37°C in a humidified atmosphere of 5% CO 2 and 95% air. Cells were centrifuged for 5 min at 300g and resuspended in physiological salt solutions at 10 6 cells/ml. -sensitive Fluo-4 within the cell. Cells were incubated with 10 μM Fluo-4AM for 30 min and then washed once by centrifugation for 5 min at 3000 RPM. Calcein-AM (7 μM) was used for dye loading. Calcein, which displays similar fluorescence characteristics as Fluo-4 but is insensitive to Ca 2+ , was employed as a control. In the case of Calcein, a second centrifugation was necessary to wash out the remaining fluorophore within the medium. Only cells spontaneously attached from their head to the glass cover slips were analyzed as their whole flagellum was free to move.
Experimental set-up
A piezoelectric device P-725 (Physik Instruments, MA, USA) was mounted between a 60X 1.00 NA water immersion objective (Olympus UIS-2 LUMPLFLN 60X W) and an inverted microscope (Olympus IX71) equipped with 49011 Fluo cube Filter (Chroma Technology Corporation, USA) and a high intensity excitation LED M490D2 (Thorlabs, USA). This piezoelectric device was controlled by a servo-controller E-501 via a high current amplifier E-505 (Physik Instruments, MA, USA). The servo-controller was fed by 90 Hz ramp signal generated with the E-517 Display/Interface Module (Physik Instruments, MA, USA). A synchronizing TransistorTransistor Logic pulse from the servo-controller triggered the NI USB-621 A/D converter (National Instruments, USA) to digitize the analog voltage output signal corresponding to the true Z-axis movement of the piezoobjective ensemble from the servo-controller. This pulse trigger also synchronized a high speed camera CamRecord 5000 × 2 BW (Optronis, Deutchland) able to record 4 Gigabytes of RAM (5.46 s of 512 × 512 pixel image sequences at 3000 fps). A list of the digitized Z positions corresponding to each image from the acquired 3D+t image stack was stored in a single text format file (Z.txt). An Image Intensifier C9016-04 with an Image Booster Unit C4412-01 (Hamamatsu, Japan) were mounted in the lower port of the microscope (avoiding light leakages due to prisms and mirror reflections), and its output was connected to the high speed camera via a 'C' adapter. Isolation of the system from external vibrations was achieved by mounting it on an optical Table (TMC). Optimal temperature conditions for sperm were maintained by a thermal controller (Warner Instruments TCM/CL-100). Data acquisition and tracking were performed with a Intel Core I7-6700 CPU (3.4 GHz) (details in Silva-Villalobos et al. 
Image acquisition and analysis 3D+t image acquisition
Glass cover slips with sperm were mounted in a chamber and placed on the heated (37°C) microscope stage. For each sample, a 3D+t stack of images was acquired. While the piezoelectric-objective device oscillated at 90 Hz with an amplitude of 20 μm, the high speed camera acquired 3000 fps for up to 5.46 s. This corresponds to 17 frames while the lens is moving up/down, respectively, and the Z resolution corresponds to 1.2 μm (Fig. 1) . The stack was converted to a 4D hyperstack (3D+t) with Z in the range of 1-17 slices and t in the range of 0-5.46 s. The real Z positions stored in Z.txt (see previous section) were associated to the Z range of the hyperstack with home-made routines written in Java.
2D+t image subset
A subset of 2D image sequences (within a single focal plane) were extracted from the 3D+t stack to evaluate the defocusing effects produced by the 3D movement of flagella over single focal planes. This focal plane over the Z-axis was selected where the head of the spermatozoon was best focused.
3D flagella segmentation
We used the open source utility called Simple Neurite Tracer, developed by Longair et al. (2011) . This utility builds a simple 3D path between successive points along the midline of a neural process. In this work, the constitutive points belonging to the flagella are linked using the algorithm A* proposed by Hart et al. (1968) and based on the criteria developed by Wink et al. (2000) where the cost of moving to a new point is involved.
Statistics
In order to consider data reflecting an appropriate null hypothesis, we generated 'Iterated Amplitude Adjusted Fourier Transform Surrogate Data' IAAFT (Schreiber and Schmitz, 1996) . The principle idea of these surrogate data is that Fourier phases have been randomized, while all other univariate properties, like the power spectra or the amplitude distribution, are conserved. These data contain the same amount of random correlations, but all genuine inter-relationships between signals are destroyed. In order to estimate significance values, we apply the non-parametric MannWhitney-Wilcoxon-Rank (MWWR) test (α < 0.05). Note, nonparametric tests do not require assumptions about the numerical samples, but discriminative power is usually reduced in comparison to parametric test frameworks. Hence, estimated P-values in the present study represent upper estimates of the probability that two samples stem from the same probability distribution. Then, the surrogate data represent the null hypothesis of zero genuine correlations. Such data were generated from experimental time series of Calcein and Fluo-4. Thereafter, the MWWRtest was used in order to compare correlation coefficients derived from the empirical and the surrogate data. Ca 2+ ] i oscillations that correlate with flagellar beating were described in hamster sperm Suarez et al. (1993) . To determine if human sperm behave in a similar manner, we first designed and implemented an imaging system (see 'Materials and Methods' section) and experimental conditions to properly measure the changes in [Ca 2+ ] i that occur in the non-capacitated human sperm beating flagellum in 3D.
Results
[
[Ca
2+
] i estimation in the beating flagellum in 2D and 3D
Two main problems arise when measuring the sperm flagellum fluorescence in 3D. One is related to the noise coming from head and flagellum diffracted light over the flagellum itself at different focal planes. The other one relates to defocusing effects due to the periodic component of the flagellar beating in the Z direction. To contend with the first problem, we estimated the 2D or 3D background over the entire flagellum (see Fig. 2A ). For both 2D and 3D, every pixel belonging to the flagellum generates two background pixels located on the same Z-plane, orthogonally to the flagellum at each point (over the x, y planes), which are at a constant distance from the flagellum. Therefore, the background spatial form shifts as the flagellum moves. The corrected fluorescence signal was obtained by subtracting the average 3D background intensity, from the average intensity level of the measured raw fluorescence along the flagellum (Fig. 2B) .
Regarding the second problem, Fig. 2C illustrates that the focusing/ defocusing effects examined with the Fourier spectra of the Ca 2+ insensitive Calcein fluorescence in 2D and 3D over a single representative sperm flagellum. The Fourier transform evaluates the frequency components of a signal. Figure 2C compares the 2D and 3D normalized power spectra and clearly reveals that spurious frequency components appear in the 2D signal (blue trace, single sperm head focal plane), which are basically not present in 3D. These differences are mainly observed around the flagellar beat frequency (3-20 Hz) (Katz et al., 1978; Ooi et al., 2014) for the nine Calcein loaded sperm. Figure 2D shows the relative power between the peaks of the corrected fluorescence for 2D and 3D, which were illustrated for a representative cell in Fig. 2C , for calcein loaded cells. Thereafter, we calculated the total power of the peak intensity (integral over the power spectra from the peak ± 2.5 Hz aside the maximum power) divided by the total power of all remaining frequency components (integral over the remaining frequency range). The larger power magnitude present for the 2D cases represents the defocusing artifact.
The above findings show that 2D measurements do contain noise arising from focusing/defocusing events along the flagellum as it beats. Estimation of a parameter related to flagellar beating frequency
Since previous work explored the correlation between [Ca 2+ ] i oscillations and flagellar beat frequency, we devised a simple estimation of this variable. Considering that the flagellar beating frequency (1/complete beating cycle period) is independent of the observation angle, it can be estimated from a 2D projection of the 3D flagellar coordinates. At each beating instant, a line can be adjusted to the shape of the flagellum (by regression analysis), this line forming an angle ϕ with reference to the horizontal (Fig. 3) . In fact, the frequency of oscillations in ϕ is a reasonable descriptor of flagellar beating frequency that can be used to examine correlations with oscillations in [Ca 2+ ] i .
In summary, this procedure transforms the set of voxel (volume element of a 3D image) coordinates belonging to the flagellar structure to a set of points in 2D, i.e. {( )} →{( )} = =
x y z x y , , , , 0
1 , where N is the total number of voxels remaining unchanged after the projection is applied, the coordinates ( ) x y z , , i i i standing for the spatial position of ] i oscillations in human spermatozoa, one should observe more pronounced Fourier components within the spectra of the corrected fluorescence than in the Calcein corrected signal. A power spectra containing a bundle of well accentuated peaks leads to significantly larger estimates of the standard deviation than a flat spectrogram. Indeed, the standard deviation (estimated over the Fourier spectra) of Fluo-4 is almost four times larger than that of Calcein, suggesting the existence of a greater extent of well pronounced components over the whole spectra for Fluo-4.
To examine if these [Ca 2+ ] i periodical components correlate with the flagellar beating frequency signal, the following experiments and analysis were conducted. 3D+t stacks were obtained for sperm loaded with Fluo-4. Figure 4 and Supplementary Movie 1 depict the 3D segmentation of two representative sperm flagella using the algorithm described in 'Materials and Methods' section. This figure displays a single frame at 0.45 s (green vertical line, Fig. 4B ) of two sperm, one progressively swimming parallel to the surface (bottom sperm), the other fixed to the glass cover slip by the head (top sperm), see Supplementary Movie 1. The coloring along the flagella codes the Z component (Fig. 4A pseudocolor calibration scale). Watching the video, it is clear that both sperm flagella display out of plane movements. Part B of this figure shows the corrected Fluo-4 fluorescence (red) and beating flagellar signal (blue) versus time; oscillations can be appreciated in both signals. The two examples illustrate the variability in the modes of swimming and flagellar beating observed along the study.
We used the beating frequency y(t) and the corrected fluorescence signal x(t) that reflects [Ca 2+ ] i , to estimate the cross-correlation function, as proposed by Madsen (2007) . This function appraises the similarity between two-time series depending on the lag of one relative to the other. It is calculated by integrating the product (overlap) of two functions, in our case the corrected fluorescence ([Ca 2+ ] i ) versus the beating signal ϕ (both normalized) with respect to a shift lag parameter. The maximum of this function corresponds to the relative position of both signals where their overlap is maximal. It is defined as:
where τ is the lag parameter and takes integer values in the interval 0 ≤ τ ≤ N−1, N is the number of time points (in this work 1 time point = 1/90s) in the time series;x andȳ are the average of the normalized time series. Since the cross-correlation function gives a measure of similarity between two series, depending on the lag of one relative to the other, and considering that a delay could exist between the [Ca 2+ ] i signal and flagellar beating, we have determined the correlation best estimate around τ = 0. The closest maxima to this point was established as the highest correlation index between both signals. Moreover, the position of this first maxima provides information about the chronology of the events. Nine Calcein (control) and eight Fluo-4 stained sperm were analyzed. . Moreover, the sperm corresponding to the left columns presents a high signal-to-noise ratio (SNR) (estimated after subtracting the surrounding fluorescence noise from the flagella, as described in 'Materials and Methods' section), while the one on the right column displays a lower SNR. The first row of plots in Figs 5 and 6 (A and B) shows the flagellar beating signal versus the 3D corrected fluorescence signal, while the second row of plots (C and D) displays the flagellum maximum Z displacement (Flagella Max. Z, in μm) as a function of time. The third row (E and F) presents the cross-correlation graphs (resemblance between the flagellar beating frequency and the corrected fluorescence as a function of the lag (time points) of one relative to the other), where the red point corresponds to C 0 , when the lag between signals is zero, and its first maxima (green point) at the right side of C 0 . Finally, the fourth row (G and H) illustrates the Normalized Fourier spectra from the beating signal, the 2D fluorescence signal at the head focal plane, and for the same cell, the 3D fluorescence signal (estimated over 20 microns in the microscope´s Z-axis; 16 focal planes at 1.2 microns/ plane, see 'Materials and Methods' section). Note that the traces shown in Figs 5 and 6 do not correspond to the sperm examples shown in Fig. 4 .
In Fig. 5 (A and B) , it can be appreciated that in Calcein loaded cells, as expected, there is no apparent visual resemblance between oscillations from both signals for these two spermatozoa. This is quantitatively confirmed in panels E and F of this figure (compare to Fig. 6E and F) . Panels 5C and D show that even though the sperm head is attached to the glass, the flagellum is not only beating in a plane, it displays an important 3D movement; for both cells, peaks up to eight microns in the Z direction are present during flagellar beating, at 1.17 and 0.09 s respectively. For the nine Calcein cells analyzed, a mean of 5 ± 2 μm Z displacement was measured which produces defocusing effects over different segments of the flagellum. This Z displacement results in an erroneous estimation of the fluorescence when measured over a single focal plane (2D).
The plots in Fig. 5 (E and F) show that the global maximum correlation is <0.2 for this pair of cells, confirming a low resemblance between both signals. Although low, we wanted to understand its nature. We analyzed the correlation between 1000 random series with an average length similar to that of our experimental data (100 time points). Their confidence interval correlation was of ±0.2 (shown with dotted lines) due to their short length, meaning that correlation values within this interval are due to noise and not because a true correlation exists between experimental observables.
The power spectra of the Fourier Transform ( Fig. 5G and H) measuring the weight that a frequency has in a particular time series, clearly show that fluorescence evaluation over a single 2D plane, that of the sperm head, yields a component with equal frequency as the beating signal, while it is absent in 3D (see line pointing the main beating frequency). We can conclude that the defocused sections of the flagellar beating in 3D may introduce an erroneous estimation of the fluorescence when observed in 2D (see also section A, Fig. 2D ). Figure 6A and B illustrates two representative Fluo-4 loaded spermatozoa where a visual resemblance is displayed between the number of cycles of the corrected fluorescence signal versus the flagellar beat frequency, in contrast to what occurs in Calcein loaded cells, where there is clearly no resemblance. This is confirmed quantitatively in Fig. 6E and F. Cross-correlation analysis (Fig. 6E and F) of four of the eight Fluo-4 loaded sperm revealed that the first maxima was at the right side of C 0 (detail of Fig. 6E and F The Fourier spectra of Fig. 6G and H show consistent peaks in the 3D series correlating with the main beating signal or with its nearest frequency component. Notably, the 2D series have larger peaks at the beating frequency due to the defocusing effect when measuring the fluorescence intensity over the flagella in a single plane. Our findings indicate that 2D fluorescence measurements result in an erroneous higher correlation caused by the defocusing of the flagellum while beating in 3D. On the other hand, the 3D measurements reveal genuine [Ca 2+ ] i oscillations that correlate with the frequency of flagellar beating in human spermatozoa.
Two additional statistical tests were applied to examine whether the estimated correlations in 3D reflect genuine inter-relationships and not random correlations, which may encounter considerably high values, in particular when data segments are short, as in the present work or if the spectral composition of the signals contain a large amount of low frequencies (Müller et al., 2011) . First, we calculated two sets of correlation coefficients. The first set is obtained by the comparison of the fluorescence of each cell against the flagellar beating signal (ϕ) of all others. The second set consists of the cross correlations between the fluorescence and the flagellar beating between same cells. Thereafter, we estimated the probability that both samples of correlation coefficients stem from the same distribution by using the MWWR-test. A low P-value indicates a low probability for statistical equivalence and consequently a high significance of the numerical estimates. We obtained a P-value of 0.20 for Calcein and 0.02 for Fluo-4, indicating that the [Ca 2+ ] i oscillations are indeed correlated to the flagellar beating frequency.
Second, we generated for each fluorescence signal 10 'Iterated Amplitude Adjusted Fourier Transform Surrogate Data' IAAFT (Schreiber and Schmitz, 1996) , which conserve all linear univariate properties of the time series but destroy all possible inter-relationships between them. These surrogate data represent the null hypothesis of zero genuine interrelations but generate the same amount of random correlations as the original data. We proceeded to estimate correlation coefficients between all possible pairs of [Ca 2+ ] i signals and the fluorescence surrogates. Then, we estimated the probability that the correlation coefficients derived from the surrogates and those obtained from the original data stem from the same distribution by employing the MWWR-test. In this way, consistent with the first procedure, we obtained a P-value of 0.14 for Calcein and 0.013 for Fluo-4. This low Fluo-4 value indicates that the estimates obtained for fluorescence and the beating signal ϕ is likely to reflect genuine correlations. Thus, considering all tests, we are confident that there are [Ca 2+ ] i oscillations in human spermatozoa, which are correlated with flagellar beating.
Having found [Ca 2+ ] i oscillations correlated to the flagellar beating frequency, we explored if they were due to Ca 2+ influx through ion channels, as has been described in sea urchin and starfish sperm (Matsumoto et al., 2003; Guerrero et al., 2010) . As the measurements are at the sensitivity limit of our imaging system, (Brokaw, 1991; Nakano et al., 2003; Ishijima, 2013; Inaba, 2015) . This observation does not rule out contributions by Ca 2+ pumps or exchangers. However, since mammalian sperm are able to swim perfectly well in nM external concentrations of Ca 2+ , pumps and/or exchangers would be more likely to respond to changes occurring in the axoneme and not to Ca 2+ influx (Publicover et al., 2008) . In an attempt to rule out internal stores, we treated human sperm with thapsigargin, which release Ca 2+ from internal stores by inhibiting their SERCAs (SERCAs, Sarcoplasmic/ Endoplasmic Reticulum Ca 2+ -ATPases) (Thastrup et al., 1987) , but unfortunately for reasons we do not understand they become extremely light sensitive, impeding proper recordings. Though internal stores are not present in the principal piece, and in mouse sperm the mitochondria (Miki et al., 2004) do not seem to participate in flagellar beating, further experiments are needed to evaluate their contribution to the oscillations recorded here in human sperm.
Discussion Suarez et al. (1993) concluded from 2D measurements that rapid [Ca 2+ ] i oscillations occurred in the distal midpiece that correlated with the flagellar beating frequency of hamster spermatozoa. These oscillations detected in sperm were significantly faster than those recorded in other cell types. In the present work, we describe how 2D fluorescence measurements from the beating flagella contain defocusing oscillations correlated with the 3D/Z displacement components. In the mentioned work by Suarez, Indo-1 was used (a ratiometric fluorescent dye), which is an appropriate strategy to contend with out-of-focus components in 2D fluorescence measurents, however, it may not fully eliminate this problem (O'Connor and Silver, 2013) . It must be considered that the region of interest examined, a sperm flagellar fraction, has dimensions (0.36-1 μm) close to the diffraction limit of optical microscopy (around 0.2-03 μm) (Afzelius, 1959; Pawley, 2006) . In this regard, most of the flagellar width is a diffraction limited structure (0.36-1 μm). Within this context, the differences in the point spread function at two different wavelengths (F1 and F2, i.e. those of Indo-1) will generate an undesired signal contribution to R = F2/F1, which depends on the variation of the Z component of the region analyzed. This 'spurious' contribution will have a magnitude which might be significant, when compared to the measurements performed with a ratiometric dye in 2D. This is why Suarez's group had to limit examination of the dynamics of flagellar cytoplasmic Ca 2+ signaling to the region of the midpiece of hamster sperm.
Hamster sperm have a thicker midpiece than do human sperm; furthermore, the beating of the hamster sperm midpiece was confined to a plane in those studies. Our novel system, which can account for variation of the Z component, enabled us to examine Ca 2+ dynamics throughout the length of the human sperm flagellum. Because of the latter, and since very little is known about how the human flagellum beats in 3D, here we determined for the first time [Ca 2+ ] i oscillations in the sperm flagellum beating in 3D. As our measurements were carried out with Fluo-4, not a ratiometric Ca 2+ sensitive dye, to ensure that the oscillations recorded in 3D were due to changes in [Ca 2+ ] i , we used Calcein, a Ca 2+ insensitive dye, as a control showing that in our 3D recordings only a small noise component remains. We found that the [Ca 2+ ] i oscillations are correlated with flagellar beating frequency, that they are independent of Ca 2+ uptake through ion channels and may be due to protein Ca 2+ binding changes coupled to axonemal beating. Our measurements include the principal flagellar piece which was excluded in previous hamster measurements (Suarez et al., 1993 ] i changes in amplitude, kinetics, shape and location in response to a specific signal may be tailored to match the Ca 2+ dependence of effectors that regulate a given physiological function (Brokaw, 1991; Ishijima, 2013) , however, this matter is not fully understood. The oscillations we describe here, as those found by Suarez et al. (1993) , are faster than those usually reported in other cells. In both systems, it is proposed that the [Ca 2+ ] i oscillations may reflect Ca 2+ binding changes of axonemal proteins that are associated to some form of feedback or delay. Axonemal dyneins transform ATP hydrolysis energy into mechanical work resulting in microtubule doublet sliding. Besides the two main dynein groups, other components are required for axonemal operation. Axonemal regulation by phosphorylation, redox state and Ca 2+ binding are hypothesized to modulate and respond to the mechanics and curvature governing flagellar beat (Inaba, 2015) . 
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